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Although internal mammary artery bypass grafts have 
a high patency rate, the adequacy of blood flow through 
such conduits, particularly ifu~d sequentia1Jy, has been 
questioned. To evaluate this issue, coronary flow reserve 
was studied in 20 patients after coronary bypass surgery. 
Nine patieJlts had sequ~ntial interna! mammary grafts 
to the diagonal and left anterjor descending coronary 
arteries; five had a single interf!.al mammary graft to the 
left anterior descending artery and six .. ad sequential 
saphenous vein grafts. Fjfteen additional single vein grafts 
were also placed in ttlese patients. Coronary flow reserve 
was measured after contrast-iJlduced hyperemia by a 
digital subtraction angiographic technique an average 
of 25 days after surgery. There was no difference in 
coronary flow reserve between the proximal and distal 
anastomotic regions in either the sequential internal 
mammary graft group (2.14 ± 0:50 versus 2.29 ± 0.68, 
n = 8, p = NS) or the sequential vein 'group (1.77 ± 
0.49 versus 2.08 ± 0.78, n = 6, p = NS). In addition, 
the flow reserve provided' to either vascular bed of the 
Numerous reports have documented excellent long-term pa•
tency rates for internal mammary coronary artery bypass 
grafts (1-8) as well as a much lower incidence of postop•
erative atherosclerotic changes compared with those in sa•
phenous vein grafts (2,6,8-10). Improved patency has also 
been observed using sequential graft techniques (11-17); 
however, concern exists regarding the ability of internal 
mammary artery grafts to supply sufficient blood flow for 
single, let alone sequential, anastomosis (3,17-19). More•
over, use of the internal mammary artery for sequential 
anastomosis creates the anatomic substrate for possible 
intracoronary steal. Prior studies (19-22) evaluating flow 
reserve in single internal mammary grafts by directly mea-
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sequential internal mammary graft was not different 
from that provided by a single internal mammary graft 
(1.64 ± 0.39, n = 5), a single vein graft (1.95 ± 0.95, 
n = 15) or nonstenotic native coronary arteries (2.04 ± 
0.87, n = 34). No cases of intracoronary steal were 
observed. Although some patients had unequal flow re•
serves between the proximal and distal anastomotic zones, 
these occurred in the setting of residual coronary ste•
noses distal to the site of graft insertion or prior myo•
cardial infarction in the grafted distribution. 
These data demonstrate that sequential internal 
mammary artery grafts are capable of providing suffi•
cient coronary flow reserve for both vascular beds. Fur•
thermore, the flow reserve in these individual regions 
equals that provided by either sequential or single sa•
phenous vein grafts or single internal mammary artery 
grafts and is similar to that found in nonstenotic native 
coronary arteries. 
(J Am Coil CardioI1986;7:32-7) 
suring flow intraoperatively in humans have shown conflict•
ing results. No previous reports have quantitated flow re•
serve after sequential mammary grafting. although the clinical 
outcome of patients after this procedure has been favorable 
(14,16,17). The current study was therefore designed to 
determine whether sequential internal mammary grafts sup•
plied sufficient blood flow to each anastomotic region to 
prevent intracoronary steal and whether the degree of hy•
peremia provided by these grafts was comparable with that 
provided by single coronary grafts. Thus, coronary flow 
reserve was measured using digital angiography in 20 pa•
tients after coronary bypass surgery. 
Methods 
Patient selection. All patients undergoing elective coro•
nary bypass grafting (with at least one sequential graft) 
between September and December 1984 were asked to par•
ticipate in this study. Of these, 20 patients gave informed 
consent to undergo postoperative cardiac catheterization for 
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the purpose of establishing graft patency and assessing coro•
nary flow reserve and had no contraindications to catheter•
ization in the postoperative period, The mean age was 57 
± 7 years, All patients had an uneventful recovery from 
J 
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surgery and were in stable condition at the time of post•
operative catheterization. The mean time from operation to 
catheterization was 25 days (range 4 to 96), No patient had 
electrocardiographic or serum enzyme evidence of periop•
erative infarction. 
Operative technique. Nine of the 20 patients received 
a sequential left internal mammary graft with the proximal 
side to side anastomosis to a diagonal branch and the distal 
end to side anastomosis to the left anterior descending artery . 
Five patients received a single left internal mammary graft 
to the left anterior descending artery. Six patients had a 
sequential saphenous vein graft placed (four to obtuse mar•
ginal arteries and two to diagonal and left anterior descend•
ing arteries), A total of 15 other saphenous vein grafts were 
placed to single vessels (left anterior descending in 1; di•
agonal in 3; obtuse marginal in 7; and posterior descending 
in 4). 
Catheterization protocol. Selective coronary arteriog•
raphy was performed using the Judkins technique. At least 
two views of each bypass graft were obtained on standard 
cine film. Digital coronary angiograms were then obtained 
for measurement of coronary flow reserve. The saphenous 
vein or internal mammary graft to be studied was selectively 
cannulated and digital images of the distal perfusion bed 
were obtained during contrast injection into the graft. In•
jection rates were sufficient to cause reflux into the native 
coronary artery proximal to the anastomosis, thereby en•
suring that completely opacified blood entered the distal 
perfusion bed, undiluted by native circulation inflow, The 
average additional radiation dose to the heart used for the 
purpose of assessing flow reserve was 1.2 rads. Two ac•
quisitions were obtained, one during basal flow and one 10 
to 15 seconds after contrast-induced hyperemia (intragraft 
injection of 5 to 7 ml of Renografin-76 [Squibb and Sons]). 
Three independent experienced angiographers reviewed the 
cineangiograms for each patient. The presence or severity, 
or both, of stenoses involving the graft, anastomosis or distal 
Figure 1. Patient 6. Normal contrast medium appearance pictures. 
The image on the top was acquired during basal flow and the 
image on the bottom after contrast-induced hyperemia. The pas•
sage of contrast medium through the cardiac circulation is depicted 
in color with successive colors representing movement of the con•
trast bolus during successive cardiac cycles. The composite picture 
is created using time interval difference image processing. Red, 
therefore, depicts the passage of the contrast during the first post•
mjection cardiac cycle beginning at the coronary ostium, yellow 
depicts the contrast progression more distally during the second 
cardiac cycle, white depicts the third cycle and so on. Note that 
after induced hyperemia, the contrast bolus arrives in the myo•
cardium during earlier cycles (earlier colors) and also is more 
intense, indicating distribution in a greater vascular volume. Using 
both intensity and color (time) information estimates of flow can 
be obtained for any desired vascular region. The ratio of hyperemic 
to basal values yields coronary flow reserve. In this patient the 
coronary flow reserve values are 2.08 for the distal left anterior 
descending region and 1.78 for the proximal diagonal region. 
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vessel was determined by consensus. The myocardium sup•
plied by each grafted vessel was considered to be infarcted 
if there was a preoperative clinical event with new electro•
cardiographic changes or creatine kinase myocardial fraction 
(MB) release and the prebypass contrast ventriculogram 
demonstrated an associated wall motion abnormality. 
Coronary flow reserve calculation. Digital images were 
processed and analyzed as previously described (23). A 
single composite functional image, contrast medium ap•
pearance picture was created using mask mode subtraction 
and color coding to determine the appearance time of ra•
diographic contrast in the myocardial microcirculation. In 
this composite time interval difference image, each succes•
sive color represents movement of the contrast bolus during 
one cardiac cycle. The intensity of each pixel is proportional 
to the volume of myocardial vasculature for the underlying 
region. Flow estimates for a given myocardial region are 
obtained by division of the vascular volume variable (in•
tensity) by the time to appearance of contrast (cycles) for 
each myocardial region of interest. Coronary flow reserve 
is calculated as a ratio of the flow estimate obtained during 
hyperemia and the flow estimate obtained during basal flow. 
This technique for measuring coronary flow reserve has been 
validated in humans by coronary sinus thermodilution (24) 
and in dogs using electromagnetic flow probes (23). 
Statistics. Paired t tests were used to compare proximal 
and distal anastomotic zones for individual patients. Un•
paired t tests were used for comparisons between groups. 
Probability (p) values less than 0.05 were considered 
significant. 
Results 
With the exception of one single vein graft, all grafts 
were patent at the time of catheterization. One patient with 
a sequential internal mammary graft had intraoperative di-
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lation of the left anterior descending artery. At follow-up 
angiography, this vessel filled by anterograde flow and the 
distal limb of the mammary graft could not be visualized. 
Accurate flow analysis could not be performed for this pa•
tient. No patient had complications related to repeat 
catheterization. 
Coronary flow reserve. In our laboratory, the average 
value for contrast-induced coronary flow reserve in patients 
who had no evidence of coronary artery disease (angio•
graphically or clinically) is 2.74 ± 1.6 (mean ± SD). The 
value for angiographically normal coronary arteries in pa•
tients with coronary artery disease in other vessels is 2.04 
± 0.87 (n = 34). Figure I shows composite digital images 
from a patient (Case 6) after sequential internal mammary 
grafting with normal coronary flow reserve for both the left 
anterior descending and diagonal artery zones. Table I de•
scribes the patients with sequential internal mammary artery 
grafts. Stenoses reported in this table refer to the native 
coronary artery distal to the point of graft insertion. Note 
that in the presence of either prior infarction of the bypassed 
myocardium or residual stenosis of the grafted artery, coro•
nary flow reserve for that region was decreased (Cases 2, 
5 and 8). 
Coronary flow reserve values for the additional patient 
groups in this study are shown in Table 2 and Figure 2. 
There were no significant differences among any of the four 
bypass groups. The average value for coronary flow reserve 
was approximately 2 in all groups; however, the average 
value for coronary flow reserve for the patients with a single 
internal mammary graft was lower than in all other patients 
undergoing bypass. This was due to two patients who had 
very low values (1.18 and 1.28). One of these patients had 
a 70% stenosis in the left anterior descending artery distal 
to the anastomosis; the other patient'S left anterior descend•
ing artery supplied extensive collateral circulation to an 
occluded right coronary artery. Both significant stenoses and 
Table 1. Coronary Flow Reserve in Eight Patients With a Sequential Internal Mammary Graft 
MyocardIal Region 
Proximal (diagonal) Distal (left anterior descendmg) 
Percent Percent 
PatIent CFR StenosIs Infarct CFR StenosIs Infarct 
2.05 0 2.62 0 
2 2.80 0 1.59 60 + 
3 1.89 0 2.45 0 
4 2.77 0 3.54 0 
5 I 14 0 + 1.59 0 
6 2.00 0 2.87 0 
7 2.41 0 2.17 0 
8 2.06 0 1.50 30 
Mean 2 14 229 
± SD ± 050 ± 0.68 
CFR = coronary flow reserve; - = no infarct; + = infarct. 
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Table 2. Contrast-Induced Coronary Flow Reserve m Four 
Patient Groups 
No. of CFR 
Patients (mean ± SO) 
SequentIal IMA 16 
Proximal region 8 2 14 ± 0 SO 
Distal region 8 229 ± 0.68 
Single IMA 5 164 ± 0.39 
Sequential SVG 12 
Proximal regIOn 6 1.77 ± 0.49 
Distal region 6 208 ± 0.78 
Single SVG IS I 95 ± 0.95 
CFR ~ coronary flow reserve: IMA ~ mtemal mammary artery graft 
SVG = saphenous vem graft. 
extensive collateral flow are known to result in a low coro•
nary flow reserve. When these two patients were excluded. 
the average coronary flow reserve for single internal mam•
mary grafts was 1.93 ± 0.23 (n = 3). 
Discussion 
Coronary flow reserve. Using measurements of coro•
nary flow reserve. we have demonstrated that a sequential 
internal mammary artery bypass graft has the potential for 
normally perfusing each vascular bed. In the absence of 
stenosis or infarction. both the proximal and distal myo•
cardial zones demonstrate coronary flow reserve similar to 
that achieved after either a single or a sequential saphenous 
vein graft and that of nonstenotic native coronary arteries 
in patients with coronary artery disease. 
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It has been argued that coronary flow reserve resulting 
from internal mammary artery grafting may not be as great 
as that provided by saphenous vein grafts and that as a result 
patients may experience functional ischemia under stress 
( 17 -19). Prior studies (19-22) measuring internal mammary 
graft flow reserve in humans have often been performed 
acutely during an initial bypass operation. In this setting. 
the flow reserve provided by internal mammary grafts has 
been less than that for vein grafts. These measurements have 
been criticized because of the marked spasm often noted in 
internal mammary arteries after intraoperative manipulation. 
The diameter of internal mammary grafts has been noted to 
increase after surgery in several studies (8.17,25-27), and 
several anecdotal reports have noted significant increases in 
flow when it was measured at reoperation (20,27) or after 
closure of the sternum (28). In addition. Schmidt et al. (29) 
found no difference in flow reserve between single internal 
mammary grafts and vein grafts when they were measured 
at catheterization several days after surgery. Similarly, an•
imal studies (30-32) have demonstrated no acute differences 
in flow reserve between internal mammary artery and vein 
graft~. Furthermore. several clinical studies have shown no 
evidence of impaired functional ability in postoperative pa•
tients with a single (26) or a sequential (14,16) internal 
mammary graft. 
Technical considerations. The digital angiographic 
technique used in this study is able to demonstrate in•
equalities of perfusion. Bates et al. (33) reported several 
cases of intracoronary steal and we have observed similar 
instances in our laboratory. The reproducibility of the tech•
nique is within 13% in prior validated studies (23.24) and 
also in our own laboratory (25 repeated baseline pairs). We 
• 
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Figure 2. Individual data points for each bypass 
graft in the four patient groups. Coronary flow 
reserve is on the ordinate. There were no signif•
icant differences for coronary flow reserve among 
these groups. IMA = internal mammary artery 
graft; PROX = proximal anastomotic region; SEQ 
= sequential: SVG = saphenous vein graft. 
SEQ IMA SEQ IMA SINGLE SEQ SVG SEQ SVG SINGLE 
PROX DISTAL IMA PROX DISTAL SVG 
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have also found that differing myocardial zones have similar 
coronary flow reserve values, making it unlikely that the 
proximal and distal zones would have different values for 
technical reasons. Finally, in the three cases in which a 
stenosis or infarction was present in one limb of the se•
quential internal mammary graft in this study (Cases 2, 5 
and 8), the corresponding coronary flow reserve was always 
considerably lower than that for the normal limb (mean 1.41 
versus 2.15, respectively). Thus, if major perfusion differ•
ences existed due to the sequential nature of the graft, they 
should have been readily apparent using this digital angio•
graphic technique. 
Although less than those found in normal patients, the 
values for coronary flow reserve obtained here agree well 
with those reported for saphenous vein and internal mam•
mary artery grafts using various stimuli (19-22,29). In ad•
dition, they are similar to those for vein grafts measured by 
Bates et al. (personal communication, 1985) using the same 
digital angiographic technique and contrast-induced hyper•
emia. Others (21) have also found that flow reserve may 
not return to normal in patients with coronary artery disease 
after revascularization. 
Conclusions. Employing contrast vasodilation as a test 
of reserve, we were unable to demonstrate any difference 
in coronary flow reserve between sequential internal mam•
mary artery and saphenous vein grafts in our patients. In 
addition, we have shown that sequential internal mammary 
grafts provide flow reserve to both proximal and distal myo•
cardial zones which is equivalent to that found in nonstenotic 
native coronary arteries. Hence, concern regarding ade•
quacy of flow reserve should not limit the use of sequential 
internal mammary grafts during routine coronary 
revascularization. 
We thank Christine Abatiello for preparation of the manuscript and the 
staff of the Cardiovascular Laboratory for assistance in obtaining the digital 
Images. 
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